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PERFORMANCE OF AIR-COOLED ENGINE CYLINDIERS

USING BLOWEZR COOLING

By Oscar ¥. Schey and Herman H. Ellerbrock, Jr.
SUMMARY . S

An investigation was made to obtain information on
the minimum quantity of air and power regquired to cool
conventional air-cooled cylinders at various operating =~
conditions when using a blower. A Pratt and Whitney Wasp
H and a Pratt & Whitney Wasp D cylinder were used with
two different cooling-air Jackets on each cylinder. The
cooling air was suppllied by a blower and measured with a
Durley orifice box. Cylinder temperatures were medasured
with iron-constantan thermocouples connected %o a portadle
pyrometer, Tests were made at englne speeds varying from
1,500 to 2,100 r.p.m. with atmospheric pressure at the
carburetor and at an engine speed of 1,900 r.p.m. with
carburetor~intake pressures varying from 20 to 35 inches
of Hg absolute, The weilght of the cooling alr was varied
from approximately 0.56 to 1.82 pounds per second.

i S

The results of these tests showed that with blowar
cooling 1.09 pounds of air per second properly directed
were sufficient to cool satigfactorily the Wasp H cylinder
when it was developing 45 brake horsepower, Approximately
2 to 6 percent of the brake horsepower of the sngine was
requlred for satisfactory cooling, depending on the engine
operating conditions and the cylinder and Jacket combina- —
tion used, The power raquired for cooling varied as the
2.81 to 2.90 power of the cooling-air weisht. The temper-
ature difference between the cylinder and the cooling air
varied inversely as the 0.4 to 0.6 power of the weight of
the cooling air, depending on the location of the thermo-
couple. The total head drop across the cyllnder varied as
the 1.77 to 2.04 power of the cooling-air welght, The
shape of the Jacket had a large effect on the temperature
distribution; increasing the velocity over the front of
the cylinder reduced the temperatures of the whole cylinder.
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INTRODUCTION

Many researches have been conducted during the lasgt
few years on methods for reducing the drag and improving
the cooling of radial air-.cooled enginegs. The N,A.C.A,
cowling has been used in practically all of these inves-
tigations. The effect of the use of baffles and trailing-
edge flaps to limit, direct, and control the quantity of
cooling air when N.A,C.A, cowlings are used has recently
been investigated. These investigations have resulted in
a large reduction of drag and a large improvement in cool-
ing (reference 1), '

The use of controllable propellers to maintain con-
stant power output for all operating conditions has made
the cooling problem more difficult because the engine power
in climb may be the same as in level flight, whereas the
air speed in climb is about ome-half that in level flight,
The difference in slipstream velocity is less thap the dif-
ference in air speed dbut there would, nevertheless, be a
large difference in temperature for the two conditlions,

The cooling system should be so designed that the degres of
cooling obtained would have a definite relation to the pow-
er developed in order that practically uniform temperatures
may be obtained for all conditlons at or near full throttle.
A blower geared to the engine has been suggested as a means
of controlling and improving the cooling. An lmportant ad-
vantage of blower cooling is that the air-cooled, like the
liquid-~cooled, engine will be self-contained and consequent-
ly more independent of the engine installation.

The purpose of the present research was to investigate
blower cooling of asir-cooled engine cylinders.  The quanti-
ty of air and the blower power required for cooling a sin-
gle~cylinder air-cooled engine were determined. The tests
were conducted on two cylinders having fins of different
design.

APPARATUS

‘ The apparatus conslgted of a single-cylinder air-cooled
engine, a supercharger for boosting carburetor-intake pres-
sures, an electric dynemometer, a cooling system, and the
necessary ingstruments to measure the factors involved. A
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diagrammatic sketch of tﬁe set~up is shown in figure 1
and 2 photograph of the engine with the cylinder enclosed
in the cooling jacket is shown In figure 2.

Air-cooled cylinders.- The two =ailr-cooled cylinders
(fig.3) used in these tests were from Pratt & Whitney Wasp

D and H engines., They were adapted to a universal test-
engine base (reference 2) to operate with a stroke of 6
‘inches and at compression ratios of 5.39 and 5,33 for the
D and H cylinders, respectively. The fins on the head of
cylinder H, which is of & later design than cylinder D,

are more closely spacsd than are those on ths head of cyi—
inder D. The fins on the barrels of the two cylinders are
of the same pitch but the width is different, those for
the Wasp D being 3/8 inch wide and those for the Wasp H
being 1/2 inch wide. Bach cylinder was provided with an
0ll feed line to supply oil to the piston skirt through
four 0.087-inch-diamseter holes drilled in the cylinder
-.wall near the base.

Cylinder Jjackets.- The cylinders were enclosed 1n
sheet-metal jackets fitting close to the fins and open at
the front and the rear (figs. 4 and 5). Two Jjackets were
tested on each cylinder, Jjackets A and B on ¢ylinder D
and jackets C snd D on cylinder H, Jackets A and ¢ had
sntrance passages of small cross-sectional area,  the
air passing between the valve rods; Jjackets B and D en-
claosed the valve rods and allowed the air to pass over
them. Jacket C was made by placing inserts in the en-
trance of jacket D to direct the air so that it passed be-
tween the valve rods. Care was exercised in the design -
of the dntrance of the jackets to insure no breakaway of
the alr from the walls, The ratio of the area of the exit
of the Jjacket to the clear area between the fins for cyl-
inder D was 2.6 for the barrel fins and 1,8 for the head
fins. The Jjackets for cylinder H were designed so that
the exit area was twice the clear @rea between the fins
because information obtained from tests with baffles on
electrically heated cylinders showed that the ratio of the
area of the exit between the baffles to the clear area be-
tween the fins should be approximately 2 for the highegst
‘over-all surface heat-transfer coefficient (reference 3).
The information on electrically heated cylinders was not
availlable for the deslign of jackets for cylinder B. The
length of the exits on all the jackets was 6 inches.
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Test egulpment.- An N.A.C.A. Roots supercharger wag
used to increase the carburetor-intake pressuye during
the boost teste., A tank was placed in the air duct be-
tween the supercharger and the engine to eliminate pres-
sure pulsations caused by these units,

An electric dynamometer was used to adbsorb the power
and to measure the torque of the engine. A Stromberg -
NAL-5 carburetor modified by installing needle valves in
the main jet® was used on the test engine, A small weigh-~
ing tank suspended from'a sensitive balance that electri-
cally operated a revolution counter was used to measure
the fuel; the length of & fusl run was the time required
to consume 1/2 pound of fuel,

The cooling;air system consisted of a blower to sup-
Ply the cooling air, an orifice tank to measure the quan-
tity of air, and an air duct between the blower and the
Jacket enclosing the cylinder. 3Baffles and screens werd
placed in the air duect to insure uniform air flow across
the entrance of the Jjacket.

An electrically controlled stop watch and revolution
counter were used to determine the engine gspeed.

Te mperature and pressure meagurements.— Iron-congtan-
tan thermocouples and a direct- reading portable pyrometer
were used to measure the cylinder temperatures. The ther-
mocouples were made from 0,0l6-~inch diameter wire and were
peened in the cylinder head and spot- welded to the barrel.
The thermocouples on cylinders D and E were located as
gshown in figure 3. Chromel~-constantan thermocouples were
uged to obtain the air temperatures at the inlet of the
Jacket, The cold junctiong of all the thermocouples were
placed in an insulated box. 4Alcohol thermometers were
uged to measure the temperatiure of the air entering the
orifice tank, of the cold-Junction box, and of the carbu~
retor intake,

Water manometers wére used to measure the pressure in
the orifice tank and at the inlet of the jacket; a mercury
manometer was used to measure the carburetor-intake pres-

sure.
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METHOBS

Tegtg.- Tests were conducted with both cylinders at
engine speeds from 1,500 to 2,100 r.p.m. with atmospheric
pressure at the carbursetor intake., At 1,900 r.p.m. with
cylinder H, the carburetor-intake pressurs was variled
from 20 to 35 inches of mercury absolute iIn increments of
approximately 5 inches of mercury. The range of cooling-
air weight forthe foregolng tests was from 0.56 to 1.82
pounds per second, which corresponded to air speeds of ap-
proximately 65 to 210 miles per hour on the Wasp D cylin-
der and of 90 to 285 miles per hour on the Wasp H cylinder,
at an alr temperature of 700 F. and a.pressure of 29.92
inches of mercury. These air speeds are based on the free-
flow area between the fins of the two cylinders. The fuel
consumption was kept approximately constant at 0.55 pound
Per braks horsepower per hour. Observations were made of
the engine torque, the engine speed, the fuel consgumed,
the carburetor-intake pressure and temperature, the spark
setting, the temperature of the air entering the orifice
tank, the temperatures of the air entering the Jacket the
cylinder temperatures, the pressure drop across the ori-
fice tank, the pressure at the entrance of the Jjacket, and
the barometric pressure.

The weight of the cooling air was controlled by vary-
ing the speed of the blower. The carburetor-intake pres-
sures were varied by either throttling the intake of the
surge tank or boosting with the supercharger.

Gasoline conforming to Army Specification Y-3557-G
and having an octane number of 87 was used for most 9f
the tests. For the most severe conditions ethyl fluid was
added to the fuel in a sufficient amount to suppress audi-
ble detonation.

Only temperatures for a few representative thermo-
couples are submitted in the report; the discussion of fthe
results and the conclusions are, however, based on a study
of a1l the cylinder temperatures. ’

Computations.- The engine horsepowers glven ian this
report are all observed values and were calculated from
the corrected dynamometer-scale reading and the engina
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speed, No correction was applled to engine power for
variation from standard conditione of barometric pressure,
atmospheric temperature, or humidity because these cor-
rections could not be applied with the sams degree of ac-
curacy to the cylinder temperatures., The method of com-
puting the cooling-air welight is given in detail in ref-
erence 4, The power required for cooling was obtained by
multiplying the total head at the entrance of the jacket
by the air velocity and the area of the sectlon where the
total head is measured and includes both the loss adross
the ¢ylinder and the kinetic energy of the discharge air.,

The cylinder-temperature readings were corrected for
instrument calibration, cold-junction temperature, and
variation in inlet cooling-air temperature from 700 F,
‘'The latter correction was based on tests of several cyl-
inders in which the temperature of the inlet air was va-
ried; it was found that for overy degree rise in air temp-
erature, the head temperatures increased approximately
0.8° F., the barrel temperatures 0.7° TF., the spark-plug-
gasket temperanture 0.84% F,, and the flange temperatures
0,60 F, The inlet cooling-air temperatures were correctw
ed for instrument calibration and cold-junction tempera-
ture, '

The specific fuel consumption was calculated from
the observed weight of fuel used, the time required to use
this fuel, and the observed brake horsepower.

.

PRECISION

The cylinder temperatures are considered to be ac-
curate to within F40 F,

The temperatures of the inlet air are accurats to
within £2° ¥, '

Tho'pressure at the inlet of the jackct varled owing
to flucruations caused by the blower, but the results are
accurate to within Z1/8 ineh of watecr.

The manometer measuring the pressure drop across the

-
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"metering orifice fluctuated considerably when a large

amount of air was delivered. The error is considered to

be approximately 2.5 percent at cooling-air weights of

1.3 pounds per second and to decrease until at approxi-

mately 0.8 pound per second the error is less than 1 per-

cent, S

The torgue-scale readings are correct to within %1

percent, — - ——

The accuracy of the fuel welghts varied from O to
-2- 1/2 percent,

RESULTS AND DISCUSSION

Bffect of the shape of the jacket_on coolineg.- The
curves of figure 6 show that for the same weight of cool-
ing air the cylinder temperatures were lower at all points
with jacket A than with Jacket B. As the Téar half of the
two Jackets is the same, it can be concluded from thesse
results that increasing the velocity of the cooling air
over the front of the cylinder will also reduce the temper=
ature at the rear of the cyllnder. The difference in the
temperatures obtained with the two Jjackets was greatest
for the points that had a high temperature and for the
points on the front part of the cylinder. Thermocouple 15,
which was located below the front spark-plug boss, showed
a maximum difference of 152° F.; whereas thermocouple 14
which was located on the flange and at ths rear of the cyl—
inder, showed a difference of from O° %o 50 ¥, T

The shape of the jacket had a large effect on the
temperature difference between points on the cylinder,. par-
ticularly between points at the front and the rear. For
example, with jacket B the temperatures for points below
the front spark plug were appreciably higher (30° to €60° F)
than those for points below the rear spark plug; with jack-
et A the temperatures below the rear spark plug were fronm
35% to 609 ¥, higher than those below the front plug. The
temperatures at points above the spark plugs and on the
barrel were higher in the rear of the cylinder than at the
front regardless of the jacket used; with jacket A the
maximam temperature difference was 120% F. for the barrel,
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whereas with jacket B the maximum temperature difference
was only 12° F. It might be well to point out that with
either Jacket the temperature differences betwsen the
front and the rear were never greater than 120° P. and
thig difference was confined to one pointyin flight on
installations using ring cowlings, temperature differences
as high ag 1500 F, have been obtained (reference 5). A
jacket of proper design should be of great assistance in
reducing distortion caused by excessive temperature dif-
feorences and should also be an excellent means for elimin-
ating hot spots in the cylinder.

The difference in temperatures between the two Jack-
ets on cylinder H (fig. 7) was slight as compared with the
temperature differences between the two jackets on cylin-
der D. As might be expected, however, the largest temper-
ature difference between the two jackets was for the points
on the front of the cylinder; for thermocouple 2 the 4if-
ference was 26° F. and for thermocouple 15 the difference
was 44° F, The slight difference between the shape of the
two Jjackets used on this cylinder (fig, 5), and probably
the better finning, explains the small difference in tem-
peratures obtained. '

. In general, it may be said that the temperaturs disg-
tribution of cylinder H was similar to that obtained on
cylinder D, With jacket D on cylinder H the rear temper-
. atures were higher than the front except for points a

short distance below the spark plugs., The maximum temper-
ature difference, 69° P., between the front and rear of
cylinder H was on the barrel, in comparison with the maxi-
mum temperature difference of 120° F, on the barrel of
cylinder D, The greater amount of finning on cylinder H
tended to reduce the temperature difference and the number
of hot spots., '

Effect of the cooling-air welght on the difference
between cylinder and air temperatures.- The test resu its
for cylinder D show that the temperature difference be-~
tween the cylinder and the cooling air (temperatures iIn
fig., 6 less 70° F.) varied inversely as the 0.45 to 0.60
power of the air weight depending upon the location of
the thermocouples. As the wall-temperature differences
are inversely proportional to the wall heat-transfer-co-
efficients for a given heat output, an examination of




N.A.C.A. Technical Note No. 572 9

the theoretical equatlion for the wall heat-transfer coef-
ficlent will. provide an insight into the reasons for the
variation in the exponent noted.

The following equation from reference %

L
-

U= Py {a (1 -+ Eg)’canh aw'! 4+ Sb] (13)

gives the wall heat-transfer coefficient U as a'function
of fin dimensions, conductivity, and fin surface heat-~

transfer coefficient, In this equation a = /%% , gq 1is

the surface heat-transfer coefficient of the cylinder, k
ig the conductivity of the metal, t 1s the thicknsess of
the fing, and w! 1is the width of the fins plus half the .
fin thickness. Reference 5 also shows that the fin sur-
face heat-transfer coefficient g varies as . (VPg)R. It
is svident from equation (13) that for small values of

/%% w!, U varies as (VPg)® and that asv/é%jw* increases,

the expodent approaches asymptotically the value“n/z. " For.
engine cylinders the value of the exponent lies; in general,
between 0.4 and 0,6. —

In order to illustrate the foregoing discussion, the
temperature differences between the average of 8 thermo-
couples on the barrel and the cooling z2ir are shown in fig-
ure B, together with the reciprocal of the wall heat-trans-
fer coefficient U.in B.t.u. pér square inch per degree
Fahrenheit per hour calculated from equation (13) for an
electrically heated finned cylinder of the same dimensions.
It will be noticed that in the same range of weight veloc-
ity of the cooling air the slopeg of the two curves are al-
most equal.. The: weight velocity of. the cooling air was ob-
tained by dividing the cooling-air weight by the “frée-f1dw
area between the fins., The weight velocity of the cooling
air at the section considered is probably a Tittle differ-

ent from the average. welight welocity of the air but* as
figure 8 shows, the slope ‘of ‘the curve changes very ittle”
with a rather . large change of weight velocity. “The. nela—
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tion between cylinde) temperature and air weight for cyl-
indor H when plotted on logarithmic coordinate paper (see
fig., 8 for ecylinder D) indicates that the temperature dif-
ference between the cylinder and the cooling sair wvaried
inversely as the 0,40 to 0,50 power of the air weight,

Effect of cooling-air weight on total head drop across
the Jjacket.- The curves of figure 9 show that the total

head drop scross the cylinder with different jacket and cyl-
indor combinations varied from approximately 2.5 to 20
inches of water, These total heads include the drop across
the cylinder and the kinetic enéergy loss at the exit of the
Jacket., The engine conditions for these curves were the
same as for figures 6 and 7.

As the engine power increasss, more heat is given to
the cooling air, resulting in 2 change 1in air density.
With the same wolight velocity of the cooling air thisg
change in density resulte 1In an increase in pressure drop,
The change in total head drop across the cylinder due to
density change, however, 1s so small that all points fall
on the same curve. -

The average slope of the curves in figure 9 is 1,88,
Dryden and Kuethe (reference 7?) have shown that for pipes
and flat plates the drag 1s tneoretically proportional to
the 1.8 power of the veloclty. Unpublished tests made at
Massachusetts Institute of Technology by R. H, Smith and
R. T. Sauerwein show that for various finned plates the
drag varied as the velocity to the 1,75 t56°1,96 power, de-
pending on the pitch and width of the fins,

The closely spaced fins ofcylinder H gave a much
larger pressure drop than the widely spaced fins of cylin-
der D. There was no difference. in pressure drop between
Jackets C and D on cylinder EH, but the difference betwsen
the two Jjackets on cylinder D was appreciable for a given
air weight., The entrances of the jackets on cylinder H
were more nearly allke than were those on cylinder D and,
furthermore, the closely spaced fins on cylinder H affect-
ed the pressure drop more than did the widely spaced fins
on cylinder D.

Effect of coolineg-air weight on the brake horsepowsr
developed.- The curves in figure 10 show that increasing
the quantity of cooling air had little effect on the brake
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horsepower developed. As there is only a small gain in
engine power when the engine is overcooled, only suffi.
cient air should be provided to insure the reliability
and the life of the engine,

Effoct of cooling-air weight on_the blower power :
reguired.- The curves in figure 6 show that the gooling

of cylinder D was considerably better with jacket A than
with jacket B. The curves In figure 11 show that to ob-
~tain this better cooling it was necessary to expend ap-
proximately twice as much powsr to force a definite
weight of cooling ailr through Jjacket ‘A than was required
wifh jacket B. These curves also show that the difference
in power required by the two Jjackets on cylinder H, 1like
the difference in temperatures shown in figure 7, was
small for a glven alr weight., The engine conditions for
this figure were the same as for figures 6 and 7.

As the power required for supplying the air is rough-
ly proportional to the product of the total head drop and
the veloclity of the air and as the total head drop varied
as the 1.88 power of the air weight (fig. 9), the exponent
of the power curves should be approximately 2.88. An av-
erage value of the curves in figure 11 shows that the pow-
er required for forced cooling varied as the 2. 83 power
of the air weight.

Minimum air weilght and power reguired for satigfac-
tory cooling,- The results submitted thus far have shown
the power reguired to force the air past the cylinders and
the relation between cylinder temperafurés and air weight.
In a selection of the most desirable jacket both factors
must be considered. The cylinder and jacket having a com-
bination of air welight and pressure drop giving satisfac~
tory cooling with the minimum expendlture of energy 1s the
most desirable. T

Table I presents the comparative performance for: each
cylinder and jacket combination. - The minimum power re-"
quired to supply the cooling air with each combination is
based on the power required to supply sufficient cooling
air to maintain a temperature of 4750 F. as indicated by
thermocouple 29 located beitwsen the exhaust valve and the
rear spark-plug boss, In the examination of the resulis
submitted in this table it should be realized that the
Jackets do not necessarily represent. the best design, for
very little information was available on the design of the
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Jackets, With some refinement the losses through the
Jackets could probably be reduced without any sacrifice in
cooling.

The table shows that from a power consideration cylin-
der D.with Jjacket A is slightly better than cylinder H with
jacket €. Although the weight of the cooling air that was
supplied to cylinder H was less than that supplied to cyl-
inder D, the pressure drop across cylinder H was greater
- and as a result the power requirements were slightly higher
for cylinder H, That cylinder D. should show better results
than cylinder H was surprising and contrary to expectation
because cylinder H had more fin area.

Table II shows the free-flow areas between the fins of
cylinders D and H and the quantity of air required for sat-
igfactory cooling of cylinder D with.jacket A and of ecylin-
der H with jacket C at an engine speed of 1,900 r,p.m, If
the quantities of air are divided proportionally to the
free-flow areas of the heads and barrels of cylinders D and
HE, then the head of cylinder D would get 13.8 cubieg fest of
air per second; the Barrel of D, 3.5 cubic feet per second;
the head of H, 9.0 cubic feet per second; and the barrel of
H, 5.5 cubic fest per second, as shown in table II.

Although the difference in the lengths of the paths
that the air followed around the head and around the barrel
was neglected in the computation, the values are a good in-
dication of how the air was divided between the head and
the barrel for thevtwo cylinders., With this proportion of
air, the average velocity, based on the. free~flow area,
for cylinder D was approximately 150 miles per hour and for
cylinder H approximately 170 miles psr hour.

Decreasing the gquantity of cooling alr results in an
increase in the rise of the cooling-air temperature across
the cylinder and a consequent increase in cylinder tempera-
tures. When 1 pound of ailr per second. is used .in. cooling
an air-cooled cylinder developing 45 brake horsepower, the
temperature of the cooling air will increase 60° F, while
passing from the front to the rear of the cylinder. As ap-
proximately 50 percent more air passed over the head of
eylinder D than over the head of cylinder H, the heating of
the cooling air of cylinder D should be conslderably less
and the head temperatures of cylinder D should increase
less from this heating. -
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That the barrel temperatures for cylinder H are slight-
ly higher than those for cylinder D must be attributed ‘to
causes other than the difference in finning or air flow be-
cause there was more finning on the barrel of cylinder H
and, furthermore, the velocity of the cooling air was ap-
proximately 20 miles per hour higher for cylinder H. 1In
these tests care was taken to maintain the same pressure on
the o0il feed line near the base of the cylinder since pre~
vious tests had shown that the quantlty of oil delivered to
the piston skirt had an appreclable effect on cylinder tem-
peratures.- Increasing the 0il pressure on.each cylinder,
from 1 to 8 pounds per square inch resulted in an average
decrease in temperaturse for cylinders D and HE of 100 F. and
300 F., réspectively. . . :

The results indicate that, in order to obtain satisfac-
tory cooling with minimum power, the gquantity of cooling
air must be Judiclously restricted, especially where low
operating temperatures are desired. -If the quantity of
cooling air is greatly reduced, the temperature rise of the
ailr in passing over the cylinder will increase and thus re-
duce the temperature difference between the cooling air and
the cylinder, which will impair the cooling unless the fin
surface 1s modified so that the velocity of the cooling air
is lncreased.

The importance of the jacket shape can be appreciated
from a comparison of the results obtained from jackets A
and B on cylinder D. Although the engine power was higher
and the air weight less, the average temperatures obtained
with Jacket A were lower than those obtazined with jacket B.
(See table I.) Furthermore, the power expended in cooling
with jacket A was about 50 percent of that for jacket B.

The power required to force the cooling air past the
ecylinders for adeguate cooling varied from approx1mately 2
to 6 percent of the engine power, depending qn cylinder and
Jacket design and engine-operating conditlions. On the as-
sumption of an over-zll blower efficiency of 65 percent, &ap-
proximately 3.0 to 9.0 percent of the engine power should
be required for cooling. Wood (reference 8).found that the
Power required to cool a ¢ylinder with a fan was 4 peréemt
of the engine output, including fan losses. In a discus-
sion of Fedden's paper on air-cooled engines (reference 8),
F, M., Green states that he has found ‘from tests of a single
cylinder that the power reguired for codling was approxi-
mately 4 or 5 percent of the total power., :Lidhner (refer-
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ence I0) gives a value of 3.5 percent of the brake horse-~
power required for cooling a multicylinder engine with
blowers and 8.3 percent for a sinagle-cylinder engine.

Bffect of indicated horsenger-on gylinder-tempera-
ture difference.- The curves in figure 12 show that the

temperature difference botween the cooling air and the
cylinder varies as the 0.51 to 0.56 power of the indicat-
ed horsepower of ¢ engine. Changes in the indicated
power were obtaingd by varying the manifold pressures
from approximately 20 to. 35 inches of Hg absolute, Recent
tests of a 2-row radial engine (reference 11) showed that
the temperature difference varied as the 0.25 power of the
indicated horsepower. In the tests of the 2-row radial
engine the tunnel speed was held constant and the engine
speed was held constant by varying the propeller pitch gi-
multaneously with a change in manifold pressure. Appar-
ently when thepower was increased, the weight velocity
past the cylinder increasod because the slipstream air
speod was greater at the higher power ocutput than at the
low and becanse the cooling air was more turbulent on ac-
count of the shape of the cowling and the disturbance cre-
ated by the propeller.

[N

GENERAL CONSIDERATIONS

The results submitted have shown that the difference
in temperature between the cylinder and the air varied in-
versely as the 0,4 to the 0.6 power of %the cooling-air
welght and that the power required for cooling with each
jacket varied approximately as the 2.83 power of the air
welght., From these results it follows that, to cool an en-
gine with minimum expenditure of pover, an increase in
cooling surface is to be preferred to an increase in air
speed. The increase in cooling surface must be obtained by
increasing the fin width and the number of fins from the
conslderation that with a definite air weight it 1s better
to cool with & low than with a high velocity., The extent
to which each may be increased 1s limited, The width is
limited by the effectiveness of the fin, which is depend-
ent on the thickness of fin and the thermal conductivity
of the material; the spacing, aside from construction 4dif-
ficulties, is limited by the thickness of the fin and the
amount that the space between the fins can be reduced with-
out an appreciable .decrease 1n air speed between the fins,



N,A.C.A., Technical Note No. 572 15

change in the nature of the flow, or excessive hesating of
the cooling air. On the basis of other tests conducted by
this laboratory, an appreciable amount of ‘codling surface
can be added before reaching limits of either heat flow or
air flow, The excessive heating of air between closely
spaced fins impairs cooling to such an extent that it is a
mejor consideration for conditions with restricted air
flow. S

The maximum temperature specified for satisfactory
cooling has a large effect on tho blower power regiuired,
In figure 13 are plotted curves of percentage brake horse-
power regquired for cooling at various temperature differ-
onces between cyiinder and air for the four cylinder and
Jacket combinations at an enginc speed of 1,500 r.p.m.

The results from the four thermocouples that are plotted
were obtained from figures 6, 7, 10, and 11, The curves )
indicate that it would be very desirable from a considera-
tion of the power required for cooling to have an engine
that could operate at high temporatures with no impairment
of relilability or performance.

Tests are now in progress of a large number of scervice-
type cylinders to study cooling under various opserating
conditions. PFrom the tests of these cylinders and further
tests with other jackets, more complete information about
the shape of the flow passages will be obtained., There”
are also possibilities that the blower may be used to serve
a twofold purpose: the removing of boundary layer from the
airplane wing, and the supplying of cooling air to the en-"
gine. -

CONCLUSIOXNS

The resulis of these tests show that:

1. The minimum power required for satisfactory cool-
ing with an over-all blower efficiency of 100 percent var-
led from 2 to 6 percent of the ecangine power depending on
the operating conditions.

2+ The shapo of the Jjacket had a large effect on the
cylinder tomperatures. - Increasing the air speed over the
front of the cylinder by keoping the grecater part of the
circumference of the cylinder covered by the Jjacket re-
duced the temperatures over the entirs cylinder,
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3, The tempesrature difference bPetween the c¢cylinder and
the cooling air varied inversely as the 0.4 to 0.6 power of
the cooling-air weight depending on the laocation of the
thermocouple; those on the barrel varied as the higher pow-
er of the air flow,.

4, The total head drop across the cylinder varied as
the 1,77 to 2.04 power of the cooling-air weight depending
on the cylinder and jacket combination. The power required
for cooling varied as the 2.81 power of the cooling-air
" weight for three of the cylinder and jacket combinations
and as the 2.90 power for the fourth combination,

5. An air guantity of 1.09 pounds per second properly
directed andkept in contact with the cylinder would satis-
factorily cool the Wasp H cylinder when it-was developing
45 brake horsepower, the maximum temperature being 4759 F.

Langley Memorilal Aeronautical Laborastory, _
National Advisory Committee for Aeronautics,
Langley Field, Va., Januvary 7, 1936,
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TARLE I

Comparison of Cylinders and Jackets for Satisfactery Cooling
(Carburetor-inteke pressure, atmoespheric)

Bn~ |Cyl-|Jack-| A&ir Total |Brake |Fric— |Barrel Ayeg— Barrel Head Power
gine | in-| et weight | head horse~|tion ring |age temp. temp. |reguired
apeed |der drop power |horse-| aver-!head - for '

across power agel temp. |Min, [Max. Win. |Max. c:oc:l:lmg3
Jjacket temp.
r.pelll 1b./sec.|in.water OF. [ °P. | OF.| 9F.| OF.| OF.| hp.|Percent
1500 jA 0.96 5.3 ar.l | 6.8 270 | 362 | 229 345| 223 48610.77} 2.08
D {B | 1.40 7.4 34,6 | 6.3 271 | 383 | 230| 314 258{ 487|1.35] '3.90
c .80 8.2 35.6 | 6.6 270 | 371 | 245| 320| 265| 475 .| 2.33
H 1) .78 7.7 36.4 | 7.8 263 | 373 | 2391 313 | 230| 475| .78| R.09
1700 A | 1.056 6.4 3%.8 | 8.2 LRG3 | 347 | 223 | 326 207 482 .99] 2,49
D B |1.70 11.0 39.6 | 8.2 285 | 381 | 249 317 | 289| 502 [2.34| 5.91
c - - - - - - - - - -1 - -
E D | 1.00 12.1 39.7 | 9.4 269 | 368 | 235| 314 | 247 | 475(1.651 3.91
1900 A |1.30 9.6 44,0 110.3 265 | 346 | 227| 320 | 206| 502 (1.86| 4.23
D B (1.8 12,3 44.0 110.4 290 | 3R2 | 24r) 219 | 247 499 (2.75| 6,25
{c 1.09 | 13.9 45.3 [10.4 270 | 364 | 247| 213 | 225| 475(1.95 4.30
B D |1.18 16.0 43.6 10,9 £64 | 370 | e31] 300 | 244 475 |K.a6| 5.62
2100 | E D |1.26 18.2 47,7 112.4 265 | 365 | 231| 320 537| a75[2.97] 6.23
lAverage of thermocouples 2-9, inclusive.

-~

&pverage of thermocouples 13 and 15-34, inclusive.
3Based on 100 percent blower efficiency.
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TABLE II

Comparative air flows over head and barrel of cylinder D
with jacket A and of cylinder H with jacket @

Average | Alr weight Air flow Ar flow
Cylinder { Jacket | Free flow area gir required over over
Head | Barrel | veloeity|{(1900 r.p.m.) head® barrell
sgein, | eg.in. | m.p.h. | 1b./sec. |cu.ft./sec. | cu.ft./sec,
D A 9.0 2.3 150 . 1.30 13.8 3.5
o ¢ 5.2 3.2 170 1.09 9.0 5.5

1Based on air temperature 70° F., air pressure 29.92 in. Hg absolute.

E=.069
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a lorifice Orifice tank [oritice

e L; . =

A

ol d Alr flow
=S

: \_/ Surge [:[?
Tank ]
&) N ! .
Selector
switches
Cooling-air blower Enging Dynamometer Supercharger
a. Thermometer d. Air-thermocouple f .Thermocouple terminal
b. Water manometer pyrometer. box.
.c. Cylinder-thermocouple e. Static-pressure g.Inlet-air thermometer
pyrometer. manometers. and manometer.

h. Cold-junction thermometer i. Cylinder-air jacket.

Figure 1.-Diagrammatijc. ilssryout of equipment.
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Figure 2.~ Set-up of single-cylinder alr-cooled engine sghowing jacket and alr duct.
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(b) Wasp E oylinder. Thermocouple 13 is of spark plug gasket type
Figure 3.~ Front and rear views of oylinders showing location of thermocouplss



N il;[ll,.lllﬂu;i;..dg:s. 0

Figure 4.~

Wasp D oylinder with jacket A in place.
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